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FolateFolate Synthesis: Synthesis: 
Established Target RevisitedEstablished Target Revisited

DHPS

HPPK



Why Target DHPS?Why Target DHPS?
DHPS is a proven drug target.DHPS is a proven drug target.

•• Sulfonamides marketed since 1930'sSulfonamides marketed since 1930's
•• Historically susceptible pathogens include many gramHistorically susceptible pathogens include many gram--positive, positive, 

gramgram--negative, fungal, and protozoal speciesnegative, fungal, and protozoal species
•• Drugs of choice for several disease states (UTI's, PCP, Drugs of choice for several disease states (UTI's, PCP, SSTI'sSSTI's))
•• SulfonamidesSulfonamides, , sulfonessulfones, and DHFR combos are still considered first , and DHFR combos are still considered first 

line agents for many bacterial pathogens (line agents for many bacterial pathogens (PneumocyctisPneumocyctis spsp.).)

Crystal structures now known for four bacterial pathogens Crystal structures now known for four bacterial pathogens 
(E. coli, S. aureus, M. tuberculosis, B. (E. coli, S. aureus, M. tuberculosis, B. anthracisanthracis).).
ppABA (sulfonamide) and pterin binding sites have now be ABA (sulfonamide) and pterin binding sites have now be 
visualized and key binding interactions modelled for visualized and key binding interactions modelled for 
structure guided drug discovery.structure guided drug discovery.
New role for DHPS inhibitors in emerging diseases such New role for DHPS inhibitors in emerging diseases such 
as MRSA and VRSA.as MRSA and VRSA.



Central Idea of the Project:Central Idea of the Project:
Identify Inhibitors that Target the Identify Inhibitors that Target the PterinPterin PocketPocket

AnthracisAnthracis Aureus     Aureus     Coli    Coli    TBTB

1. pABA (and sulfur drugs) bind at a surface 
region surrounded by flexible loop regions.  
Easy to accommodate resistance mutations 2.  Pterin-PP binds in a 

conserved, deep pocket.  Difficult 
to accommodate mutations.

3. Identify small molecule inhibitors 
that engage the pterin pocket.



Scientific Scope of the ProjectScientific Scope of the Project

Two Parts:

Part 1 Target development

Part 2 Development of novel inhibitors



Scientific Scope of the ProjectScientific Scope of the Project
Part 1 Target development

• Clone, express, purify, crystallize DHPS from 
B. anthracis, Y. pestis, F. tularemia and M. 
tuberculosis and determine the structures.

• Determine the structures of DHPS-substrate 
and -product complexes.

• Probe the catalytic mechanism.
• Understand the structural basis of sulfa-drug 

resistance.



B. B. anthracisanthracis DHPS MonomerDHPS Monomer



Studies on the Studies on the FrancisellaFrancisella tularenistularenis Enzyme:Enzyme:
Sequence Analysis Reveals a Fused HPPKSequence Analysis Reveals a Fused HPPK--DHPS DHPS 

BifunctionalBifunctional EnzymeEnzyme



Complexes with PtPP and PtPComplexes with PtPP and PtP



Complex with Pteroic Acid: Complex with Pteroic Acid: 
Product Analog Product Analog 



DHPS ReactionDHPS Reaction



Enzyme Mechanism Enzyme Mechanism –– SSNN2?2?



Synthesized DHPS Transition State Synthesized DHPS Transition State 
AnaloguesAnalogues
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Placement of the amine at the 6’-position on the ring and 
formation of a tertiary amine-type functionality was designed to 
stabilize the proposed positive charge of the transition state 
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Enzyme Mechanism Enzyme Mechanism –– SSNN1?1?



DHPS Sequence AlignmentDHPS Sequence Alignment



Enzyme Mechanism Enzyme Mechanism –– Pseudo SPseudo SNN2?2?

••19991999 VinnecombeVinnecombe, et al, demonstrate that the target for , et al, demonstrate that the target for 
sulfonamidesulfonamide inhibition (of inhibition (of S. S. pneumoniaepneumoniae) is the enzyme) is the enzyme--DHPP DHPP 
binary complex, rather than the binary complex, rather than the apoproteinapoprotein form of the enzymeform of the enzyme

++



Building up the DHPS Active SiteBuilding up the DHPS Active Site
Combining 3 anthracis structures and 1 from TB, one can gain insights 
into the full active site and the roles of conserved loops 1 and 2.



Sulfonamide resistance Sulfonamide resistance –– Insights Insights 
from the product analog structurefrom the product analog structure



Using DeadUsing Dead--End Products to Understand End Products to Understand 
SulfaSulfa--drug Resistance in DHPSdrug Resistance in DHPS
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Inhibitor or just bi-product?

There is good evidence that at least some of the DHPS 
enzymes can link the sulfa-drug to the pre-bound pterin-PP 
substrate.  We synthesized this adduct for structural studies.



DeadDead--end Sulfamethoxazole Product end Sulfamethoxazole Product 
Analog Bound to DHPSAnalog Bound to DHPS



Scientific Scope of the ProjectScientific Scope of the Project

Part 2 Development of novel inhibitors

• Virtual screen new small molecule structures 
to identify novel scaffolds.

• Develop a suitable enzyme assay.
• Synthesize and screen hit optimization 

libraries.
• Perform microbiological assessment of 

inhibitors against the target organisms.



Starting Point 1:Starting Point 1:
Early BurroughsEarly Burroughs--WellcomeWellcome StudiesStudies
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Pharmacophore search to prefilter
library. 
Validation of docking protocol vs B. 
anthracis DHPS. 
Dock, procure and test top 2%.

Starting Point 2:Starting Point 2:
Virtual screen of Virtual screen of B. B. anthracisanthracis DHPSDHPS



ZINC: 26 databases of commercially available 
compounds

5 million compounds (multiple tautomeric and 
protonation states).
Pre-filtered for drug-likeness.

Methods
UNITY flex search against active site surface and 5 
macro constraints (1 donor atoms, 4 acceptor atoms)
2 Partial Match Dialogs 
Pharmacophore utilizes 9229 crystal structure
Rule of 3 criteria: MW <350, max. rotatable bond 5

PharmacophorePharmacophore search of search of 
B. B. anthracisanthracis DHPSDHPS



PharmacophorePharmacophore PrefilterPrefilter HitsHits

Peakdale: 24 
Key Organics: 48 
ComGenex: 0 
PubChem: 349 
Life Chemicals: 28 
Sigma-Aldrich: 207 
LeadScreen: 1 
Maybridge: 87 
LeadQuest: 1 
ChemDiv: 286
Heterocycles: 54 
Nanosyn: 132 
RyanScientific: 235

ACBEurochem: 19 
GPCR: 0 
TimTec: 318 
Otava: 78 
NCI: 1339 
Asinex: 168 
Interchim: 116
Enamine: 171 
Ambinter: 550 
Chembridge: 147 
Pharmeks: 96 
Specs: 332 
IBScreen: 307 

TOTAL:TOTAL: 5093 5093 
Unique Total:Unique Total: 3104 3104 



Docking Validation Study: Docking Validation Study: 
Enrichment at 1% for Various Docking Enrichment at 1% for Various Docking 

Programs and Scoring FunctionsPrograms and Scoring Functions
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Glide Docking: Glide Docking: 
Enrichment ResultsEnrichment Results

Glide: ZINC Decoy Set
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+DHPS + SMX

14C pABA

14C dihydropteroate

+DHPS

DHPS Assay: DHPS Assay: Without and With SMXWithout and With SMX



Inhibitor Screen
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